rRNA-targeted and f luorescently labelled oligonucleotide probes were used to study the composition of natural bacterial populations in continuous-f low cultures of seawater sediment suspensions. The cultures were run as enrichment cultures with increasing dilution rates, and hexadecane as the sole carbon source. Total cell numbers were analysed by counting DAPI (4',6-diamidino-2-phenylindole)-stained cells. To differentiate the population composition, oligonucleotide probes for eubacteria, for Cytophagd Flavobacteria, and for four subclasses of the Proteobacteria (a, b, y and 6) were used. About 4&80°/o of the DAPI-stained cells could be detected with the EUB338 probe. Moreover, it was possible to detect a shift in the composition of the natural bacterial population with increasing dilution rate of the continuous culture, from large amounts of CytophagdFlavobacteria to large numbers of members of the pProteobacteria. The cell recovery rate for bacteria labelled with specific oligonucleotide probes was analysed with defined cell numbers of Rhodospirillum nrbnrm, Cornamonas testosteroni and Desulfowibrio vulgaris subsp. vulgaris introduced into the seawater sediment suspension, and was determined to be 13*%33*5 %. The standard deviation determined for this method applied to sediment suspensions was 28.3 %. The results suggest that the application of the in situ hybridization technique allows a good insight into the structure of populations growing in sediment suspensions.
INTRODUCTION
Bioremediation processes performed by mixed populations are very important in the ecology of marine environments. The biodegradation of hydrocarbons like hexadecane (a compound of mineral oil) is of particular interest since bioremediation is the most important natural process in the removal of oil pollution in marine ecosystems (Radwan & Sorkhoh, 1993 ; Leahy & Colwell, 1990) . Up to now, diversity and population structures of marine sediments have mostly been analysed by culture-dependent methods like the c.f.u. ber) techniques, the Biolog-System (Fredrickson et af., 1991 ; Ruger & Krambeck, 1994) , and fatty acid analysis (Oliver & Colwell, 1973) . However, it has been increasingly appreciated that methods based on cultivation in the laboratory are always selective and therefore cannot yield sufficient information on the actual.community structure (Snaidr et al., 1997) . Moreover, these methods only detect a low percentage of the true numbers of bacteria (Staley & Konopka, 1985; Ward et al., 1990 ) and neglect the so-called viable but non-culturable micro-organisms (Roszak & Colwell, 1987 ; McKay, 1992) . Recent investigations have demonstrated that nutrient-rich media, which were used mainly for the c.f.u. and MPN methods, favoured growth of y-Proteobacteria (e.g. Acinetobacter) and suppressed 8-Proteobacteria. The latter were underestimated by cultivation techniques but could be IP: 54.70.40.11
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visualized by in situ hybridization (Wagner et al., 1993; Manz et al., 1994) .
In recent years an in situ hybridization technique has been developed which allows direct demonstration of micro-organisms in situ (Amann et al., 1995) . In the study described here we used this technique to characterize the microbial hexadecane-degrading community active in an intertidal-sediment suspension culture. The aim was to test whether this method could be used for the differentiation of the indigenous population in such cultures. The applicability of this technique to hitherto uncultured bacteria has already been demonstrated (Spring et al., 1992; Amann et al., 1991 ) and thus we expected to gain a comprehensive overview of the natural community structure in our culture of seawatersediment suspensions.
METHODS
Sampling. Samples were collected from a continuous-flow culture containing a suspension of intertidal sediment from the German North Sea coast (11 %, W/V) with hexadecane as the sole carbon source (Berthe-Corti et al., 1997). The culture was run for 900 h. After an initial batch phase of 48 h, the dilution rate (D) was increased stepwise from 0.008 to 0047 h-'. Each D was kept constant for at least 70 h. The storage tank contained a sterile sediment suspension with hexadecane as the sole carbon source (0-8 g 1-l). The culture was inoculated with fresh intertidal sediment. At three different dilution rates (D = 0~008,0015 and 0.047 h-'), three samples, each with a volume of 15 mi, were collected.
In situ hybridization. The suspension samples were prepared immediately for in situ hybridization to avoid loss of cell activity. Samples (2 ml) of the sediment suspension were mixed with 10 p1 sterile Tween 80 (final concentration 0.05 '/o v/v) and sonified in an ice-cold 10 ml plastic tube for 3 x 30 s at 30 W with a Branson Sonifier B12.
The sediment preparation was subsequently diluted 1 : 100, 1 : 50 and 1 : 10 with 0.9% (v/v) NaCl. Three microlitres of these dilutions were applied in duplicate to wells of gelatincoated slides [0*19'0 gelatin, 0-01 '/o KCr(SO,), (Jurgens)] and allowed to air-dry. After dehydration by consecutive immersion for 3 min each in 50, 80, and 96% (v/v) ethanol, hybridization was performed in 7 pl hybridization buffer (35 '/o formamide, 0.9 M NaCl, 10 mM Tris/HCl, 0.01 '/o SDS, pH 7.4) with 0-75 pl oligonucleotide probe solution (100 pg ml-l)
at 48 "C for 60 min ( 1 . 5~1 probe ALFlb was applied in 7 p1 hybridization buffer). The hybridization procedure was carried out in carefully sealed moisture chambers to prevent evaporative loss of hybridization solution (Wallner & Amann, 1993) . After hybridization, the slides were washed in a buffer containing 40 mM NaCl, 20 mM Tris/HCl and 0.01 ' / o (w/v) SDS for 20 min at 48 "C, rinsed with Millipore water and air-dried.
Oligonucleotide probes. We used six rRNA-targeted oligonucleotide probes labelled with the fluorescent dye Cy3 (Interactiva) ( Table 1 ). The ALFlb probe was used in a mixture (1 : 1) of two oligonucleotide sequences: one with a thymine and one with a cytosine for binding in position 29 (Brosius et al., 1981) . Probes BET42a and GAM42a rely on the discrimination of a single mismatch and were therefore used with competitor oligonucleotides as described earlier (Manz et al., 1992; Wagner et al., 1994) . The eubacterial probe EUB338 served as a positive control to test the efficiency of the hybridization. Dual staining with DAPI. After hybridization, the dry slide preparations were covered with 4 p1 of an anti-fading medium. This medium consists of a 1 : 1 mixture of DAPI solution (1 pg 4',6-diamidino-2-phenylindole ml-') and Dabco solution (25 mg 1,4-diazabicyclo[2.2.2]octane in 1 ml PBS buffer and 9 ml glycerin). The preparations were examined with a Zeiss Axioskop equipped for detecting epifluorescence with a 50 W mercury high-pressure bulb and filter sets 01 (excitation 365 nm, emission 397 nm) and 15 (excitation 546 nm, emission 590 nm). Each well (6 mm diameter) of the slides was subdivided into nine fields. The cells in these fields were counted and the cell concentrations were calculated as follows :
Cells ml-' = N, x 2.48 x lo5 x dilution factor where N, is the mean value of cell numbers counted in the nine fields. The factor 2-48 x lo5 results from the fact that only 3 p1 of the diluted samples was applied to each well (333 ml-'). Furthermore, it takes into account the relation of the area of the slide well (28274334 pm2) to the area of one counted field at an enlargement of lo00 x (38013.271 Urn2). To avoid errors caused by sediment particle autofluorescence, only cells stained dually with DAPI and Cy3 were accepted in calculating the hybridization efficiency. For this, the fluorescence of each cell in a field was observed with the filter set 01, whereby the DAPI-stained cells gave a blue epifluorescent signal, and with the filter set 15, whereby hybridized cells show a red epifluorescent signal only with the specific probe (see Fig. 1 ). It must be noted that the microscopic images were of much higher quality (cells give sharp spots) than the photographic reproductions. Due to the very small cell sizes the intensity of the fluorescent signals was low and required long exposure times, which caused blurred images.
Checking of probes.
The hybridization efficiency of the purchased oligonucleotides was estimated using pure cultures of phylogenetically corresponding organisms by whole-cell hybridization. For this, the strains listed in Table 2 were cultivated on complex media, and 3 pl of a liquid culture or of a cell suspension (0.9% NaCl) was applied to slides and allowed to air-dry. After dehydration in a series of ethanol baths the samples were hybridized under the conditions described above. Detection of defined cell numbers of bacteria in intertidal sediment suspension. A mud-flat sediment suspension was inoculated with defined cell numbers (determined by DAPI staining) of the phylogenetically different bacteria Rhodospirillum rubrum, Comamonas testosteroni and Desulfovibrio vulgaris subsp. vulgaris. The sediment in the suspension before inoculation was treated as follows : from heat-treated dry sediment (180 "C for 12 h), a suspension (11 %, w/v) with artificial seawater (according to Grasshoff, 1983 ) was prepared and autoclaved twice at 121 O C for 20 min. After inoculation, the sediment suspension was incubated for 30 min at 5 "C to allow the cells introduced to bind to sediment particles. Samples (2 ml) of this incubated sediment suspension were hybridized as described above.
RESULTS

Applicability of the probes
The purchased fluorescently labelled oligonucleotides were applied to their group-specific micro-organisms by whole-cell hybridization. The results presented in Table  2 indicate an intense hybridization signal with the probes BET42a, GAM42a, SRB385 and CF319a. However, the probe ALFlb only showed a moderate to weak fluorescent signal. This could be explained by the nonoptimal hybridization conditions for this probe (35 % formamide instead of 20 % as recommended by Manz et al., 1992) . Analysing several samples of the sediment suspension in parallel directly after they were taken made an optimal treatment of each probe too costly in man-hours and material. Hence we accepted suboptimal hybridization conditions for the probe ALFl b.
Recovery of defined cell numbers in the sediment suspension
To test the recovery rate, a sterile sediment suspension was spiked with defined cell numbers of three different bacterial strains (Table 3 ). The suspension was applied to slides and hybridization with the corresponding group-specific probe was performed. Recovery rates of the cells introduced varied between 13.9 YO and 33.5 YO (Table 3 ). These decreased cell numbers were obtained after the in situ hybridization process. Comparing the number of DAPI-stained cells in the suspension before and after the in situ hybridization procedure, we recovered.only 30-70 70 of the cells initially present after the hybridization (data not presented). That means that the hybridization procedure caused a loss of bacterial cell numbers. For Rhodospirillum rubrum only 19.9 YO of the spiked cells were recovered, and for Comamonas testosteroni only 13.9% (Table 3 ). This is due to the losses incurred during the hybridization procedure and also to the inactive cells in the inoculum which cannot be hybridized. The inoculum of the Desulfouibrio vulgaris subsp. vulgaris strain was characterized by more active Fig. 2 . Shift of the community structure of a continuous culture of seawater sediment suspension with an increasing dilution rate. Phylogenetic groups were determined by in situ hybridization. The amount of the unknown phylogenetic groups (unkn.) was calculated as the difference between the number of eubacteria and the sum of the other bacterial groups. The cell concentration is given as percentage of DAPIstained cells.
geneous and because cell numbers were only counted in two replicates, deviations of more than 8 YO between two replicates were also accepted. In few cases, a deviation of 20 % between two replicates had to be tolerated. This was due to the inhomogeneity of the sediment suspension.
Detection of bacteria in cultures of seawater sediment suspensions
We successfully applied the in situ hybridization method to continuous cultures of the mud-flat-sediment suspensions and studied the changes in the community structure of the indigenous microbial population during the cultivation. The most critical problem, the autofluorescence of sediment particles, was dealt with by accepting only dual-stained cells (DAPI and Cy3-labelled probes) as hybridized bacteria. Autofluorescent sediment particles could not be mistaken for hybridized cells because a sediment particle showed a weak grey colour when stained with DAPI at concentrations of 1 pg ml-' in the 1 : 1 mixture with Dabco (Fig. 1) . Using higher concentrations of DAPI, we observed weak yellow sediment particles as described by other authors (Porter & Feig, 1980; Kapuscinski, 1995) . With the low concentration of DAPI we obtained a dimmer background which made it easier to count the DAPI-stained cells.
Comparing DAPI-stained cells to cells labelled with specific rRNA-targeted probes, we sometimes observed cells which were hybridized with a probe but were not stained with DAPI (Fig. 1) . As this phenomenon was also observed when higher DAPI concentrations were applied, we had to accept that occasionally a few bacteria were not stained by DAPI. Hybridizing a sample with the GAM42a probe and staining in parallel with DAPI showed the specificity of this probe. Only 33 % of the DAPI-stained cells showed the red epifluorescence of the hybridized oligonucleotide probe GAM42a (compare Fig. l a and b) .
Taking samples at different dilution rates of the culture and hybridizing them with different group-specific oligonucleotide probes and staining them with DAPI, we could demonstrate that the mixed population showed a shift with the increase in dilution rate, from large amounts of Cytophaga/Flavobacteria (60 YO of the population stained by DAPI at D = 0.008 h-') to large numbers of members of the y-Proteobacteria (45% at D = 0.047 h-l) (Fig. 2) . The culture conditions favoured the growth of the y-Proteobacteria, whereas the Cytophaga/Flavobacteria were slowly washed out. The concentration of a-, b-and 8-Proteobacteria was at the lower detection limit and ranged within the calculated standard deviation of the method. As the minimum detection limit of the method was 2.8 x lo5 cells ml-' (the concentration where only one cell was counted in the nine fields of the slide), it appeared to be a problem when minor fractions of the natural population, e.g. sulfate-reducing bacteria, only occurred at a concentration of about 102 cells ml-l [concentration verified with Austin's MPN method (1988) and the medium according to Cote & Gherna (1994) l. Thus, only phylogenetic groups which could be found with more than 2.8 x lo5 cells ml-l could be detected using this technique. The difference between the number of eubacteria and the sum of the other bacteria which were analysed with more specific probes (members of the a-, b-, y-and 8-Proteobacteria and of the Cytophaga/ Flavobacterium cluster) is depicted in Fig. 2 as unknown phylogenetic groups. The fact that the sum of the bacteria detected with specific probes (ALF1 b, BET42a, GAM42a, SRB and CF319a) is sometimes higher than the bacteria cell numbers determined with the bacterial probe EUB338 (which includes these specific phylogenetic groups) could be explained by the standard deviation of this method.
DISCUSSION
We applied in situ hybridization with rRNA-targeted oligonucleotide probes to analyse the composition of the bacterial population of an intertidal sediment suspension in continuous-flow culture. First, we tested the recovery rate of spiked cells in the intertidal sediment suspension. Then we applied this method to determine the structure of the microbial community during the course of the cultures and compared the number of DAPI-stained cells with the number of fluorescently IP: 54.70.40.11
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As the culture was run as an enrichment culture and as our aim was to analyse the population structure of the culture in parallel with growth, we had to hybridize the samples immediately after they were taken from the bioreactor. Samples were not divided into separate quantities to be treated individually; thus we set up hybridization conditions which were optimal for the majority, but not for all, of the probes used.
Non-optimal signals were obtained only with the ALFl b probe, which gave a weak (Rhodospirillum rubrum) or moderate (Rhodopseudornonas palustris) fluorescent signal. This was due to the high concentration of formamide (35%) in our hybridization buffer. It was interesting that the fluorescent signal of the probe EUB338, which was obtained under the same conditions as probe ALFlb, was very strong, although Manz et al. (1992) had recommended 20% formamide in the hybridization buffer for both probes. The high hybridization efficiency of the EUB338 probe may be due to the complex association of the 16s rRNA target molecule with ribosomal proteins (Frischer et al., 1996) or RNA-RNA interactions (Amann et al., 1995) . As a consequence of the weak to moderate signal of the ALFlb probe we could not conclude that cells of a mixed population giving a weak fluorescent signal with the ALFlb probe were of limited activity, as was described by DeLong et al. (1989) and Wallner et al. (1993) , who outlined the correlation between the amount of ribosomes (corresponding to the amount of target regions) and the growth rate. However, it is possible to use the fluorescent intensity obtained with the other probes as a marker for the physiological activity of the cells in their natural habitat under defined conditions. We observed consistently intense fluorescent signals with all probes. This was the case for all samples taken at the different dilution rates of the cultures (D = 0.008-0.047 h-l). Since the sole carbon source, hexadecane, and an increase in the dilution rates work as selective factors, only actively growing cells, which have high amounts of RNA and hence give good fluorescent signals, remained in the continuous culture. The results showed that under the given culture conditions the yProteobacteria were favoured, whereas the Cytophaga/ Flavobacterium group was suppressed. Obviously the yProteobacteria enjoy better conditions for growth in an aerobic culture with hexadecane as a carbon source, whereas in the undisturbed, pristine mud flat (before adding to the continuous culture) and at low dilution rates the CytophagalFlavobacterium group is significantly more dominant. A number of hexadecanedegrading bacteria, isolated by traditional methods, are mentioned in the literature (Radwan & Sorkoh, 1993) . Many of them are y-Proteobacteria. Therefore one could come to the conclusion that the y-Proteobacteria are generally favoured by hexadecane. This conclusion is not necessarily right, because the enumeration of bacteria by in situ hybridization is due to different selectivity mechanisms not comparable to traditional isolation on selective media.
The recovery of defined numbers of cells introduced into a sterile sediment suspension indicates that the method of in situ hybridization described is applicable to cultures of seawater sediment suspensions. Moreover, it shows the detection of specific target organisms against a background of non-target organisms, e.g. 34.5 Yo of the a-Proteobacterium Rhodospirillum rubrum, were detected against a background of 65.5% of the two other phylogenetic groups in the sediment suspension. Comparable results were published by Hahn et al. (1992) . This latter authors recovered 6-68 YO of Pseudomonas aeruginosa cells introduced into different sterile soil samples and attributed these varying recovery rates to the different kinds of soil samples examined. By contrast, the low rates of recovery in our investigation may be due to a wash-off of cells and sediment during the hybridization procedure, e.g. during the series of ethanol baths and washing. It is recommended to avoid cell losses by binding them to gelatin-coated slides (Amann et al., 1990a) , but in our study we observed a wash-off of cells from pure cultures and a wash-off of the sediment even when applied to gelatin-coated slides. However, one can assume that the wash-off is not a selective process and thus the relative proportion of the phylogenetic groups has always been the same. Additionally, not all cells were in a high state of activity (the cells were harvested in the early stationary phase of growth) and this explains why the defined cell numbers (determined by DAPI staining) could not be recovered completely by in situ hybridization with the specific probes (Table 3) .
Amann et al. (1995) stressed the importance of fixation procedures as an integral part of in situ hybridization, but our experiments produced good hybridization results without a previous fixation. Other authors (Hicks et al., 1992; DeLong et al., 1989) found that most cultured bacterial cells seemed to be entirely permeable to oligonucleotide probes of the size used in this study.
Hahn et al. (1992) described the autofluorescence of soil components as a potential problem of the in situ hybridization technique applied to soil samples. We tackled the problem of sediment particle autofluorescence by accepting only dual-stained cells (DAPI and Cy3-labelled probes) as hybridized bacteria. Thus in dual-stained samples, red autofluorescent sediment particles could not be mistaken for hybridized cells because a sediment particle appeared grey when observed by a Zeiss filter set 01. The fact that DAPI, as a DNA-specific dye, cannot be used to differentiate between living and dead bacteria, since DNA is also stained in non-viable cells (Coleman, 1980) , did not present any difficulties in this study, because non-viable cells cannot be hybridized. However, the concentration of viable bacteria was overestimated, since the total number of bacteria also included dead cells.
In situ detection of sediment bacteria
The phenomenon of bacterial cells hybridized with Cy3-labelled probes showing a weak, almost undetectable DAPI fluorescence (Fig. 1) was also found by E. LlobetBrossa, R. Rossello-Mora & R. Amann (personal communication) . They could, however, demonstrate binding of DAPI to the hybridized cells by taking micrographs with high-quality microscopes. A possible explanation for this phenomenon is that DAPI binds poorly to DNA in the high salt concentrations (Zweifel & Hagstrom, 1995) which occur naturally in samples of the mud flat. In marine microbiology, the DAPI staining method requires formaldehyde-fixed cells (Porter & Feig, 1980 ) -which were not used in this study -to avoid the negative effect of a high salt concentration. An alternative interpretation is that there may be cells containing small amounts of DNA or a genome with a few adenine and thymine regions (the favoured binding regions of DAPI) and that DAPI could therefore only bind to a lesser extent. We conclude that the technique of in situ hybridization is suitable for the analysis of the population structures in the sediment suspension cultures we used. The transfer of our procedure of the analysis of natural bacterial communities to other types of sediments is, moreover, crucial as more research is needed. A limitation of the in situ detection method applied to natural populations is caused by the minimum detection limit of 2.8 x lo5 cells ml-'. Some phylogenetic groups, in our example the pand 6-Proteobacteria, exist in natural habitats at a concentration much lower than lo5 cells ml-'. These bacterial groups which occur only in small concentrations would be neglected, since it is impossible to get them at sufficient concentrations in a sample of sediment suspension to optimize this method and to achieve the best possible in situ detection of all phylogenetic groups. In our particular case, we analysed a highly active population with a high cell concentration (DAPIcounted concentrations 2-4 x 10' cells ml-l). However, in natural environments, the concentrations of bacteria which are in a transient state between viability and death may be considerable (Roszak & Colwell, 1987) . Furthermore, the sediment suspension used in this approach was fairly homogeneous and fine-grained, with grain size distribution from 0.6 to <0-002 mm. In other soil environments the analysis of population structures may be particularly difficult due to the heterogeneity and complexity of the soil system (Ritz & Griffiths, 1994) .
